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REMARKS 
Claims 1 to 5 and 1 1 to 18 are in the case. 

Claims 6 to 10, which were withdrawn from consideration following an 
election requirement, have been cancelled without prejudice. It is requested that the 
election requirement be reconsidered based on the submission of March 10, 2004. It 
is noted that there is no reference to the submission of March 10, 2004 in the Office 
Action. 

Furthermore, it is noted that the Office Action still refers only to claims 
1 to 14 (although there is a reference to claim 15 in box 6 of the Office Action 
Summary). As noted in the aforementioned submission of March 10, 2004, this 
application includes new claims 15 to 18 which were added in June 2003. These 
claims both depend from and thus belong with the claims elected in this application. 

It is further noted that the current Office Action makes no reference to 
the second Information Disclosure Statement in Form PTO/SB/08A/B submitted on 
June 2, 2003 with the preliminary amendment presenting claims 15 to 18. On the 
other hand, the file history on the PAIR page for this application obtained on April 2, 
2004 indicates the entry in the file of the preliminary amendment and the Information 
Disclosure Statement on June 3, 2003 as items 13 and 12. A copy of the PAIR page 
printout in pages 1 and 2 is attached for ready reference. 

35U.S.C. 112 

Claims 1 to 5 and 11 to 14 are rejected under 35 U.S.C. 112, and it is 
indicated that applicant has not defined the terms PSuv, PSgr or PSvis and has not 
indicated how they are obtained and measured. 

With respect, these terms are clearly identified in the specification. 
Thus, page 10, in the second complete paragraph, indicates: 

"Polysulphide can be measured in many ways but two of the most simple and 
effective are measurement by gravimetry (PSgr) and by UV or VIS absorption 
(PSuv or PSvis)-" 

Techniques for determining concentration of polysulphide, incliiding 
measurement by gravimetry and spectrophotometrically, are well established, as well 
as other techniques. Persons in the art to whom the specification is directed will be 
fiilly familiar with the techniques available for determination of polysulphide. The 
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present invention does not reside in techniques for determining polysulphide content. 
For ready reference there is submitted herewith a copy of Dorris et al, Joumal of Pulp 
and Paper Science: Vol. 20, No. 8, pgs. 211-214, "Analysis of Oxidized White 
Liquors. Part I: Determination of Polysulphides by Gravimetry"; and a copy of Dorris 
et al, Joumal of Pulp and Paper Science: Vol. 20, No. 9, September 1994, pgs. 242- 
248, "Analysis of Oxidized White Liquors. Part II: Potentiometric Titrations for the 
Determination of Polysulphides and Sulphoxy Anions". 

In addition, the prior art identified in the Office Action demonstrates 
that spectral analysis is already known in the art to determine polysulphide content. In 
this regard, it appears that Kester et al, Holmqvist et al, and Teder were cited for the 
purpose of demonstrating the use of UV spectral analysis to measure sulphide or 
polysulphide concentration. 

With respect, the specification is fiiUy enabling, and reconsideration is 

requested. 

35 U.S.C. 103(a) 

Claims 1 to 5 and 11 to 14 are rejected as being unpatentable over 
Dorris et al (U. S. Patent 5,082,526) in view of Teder (literature) and Kester et al 
(U. S. Patent 6,399,222) or Holmqvist et al (U. S. Patent 5,582,684) without so-called 
"Admitted Prior Art". The so-called Admitted Prior Art appears to be applicant's 
description in the experimental section of the specification in that it employed a 
commercial UV spectrometer to monitor polysulphide. 

Background of the Invention 

The present invention is based on a significant new finding of the 
inventors. What has been called polysulphide (PS) in previous literature sources, 
including the prior art referred to by the Examiner, is a mixture of active and inactive 
components which the inventors have named "active" and "inactive" polysulphide. 

The difference between these two forms is that active polysulphide is an 
oxidant that can oxidize carbohydrate aldehyde groups to acids which are not 
susceptible to the peeling reaction during kxaft pulping. The result of using active 
polysulphide is that pulp jdeld is increased. In contrast, inactive polysulphide cannot 
oxidize carbohydrate aldehyde groups and does not cause a yield increase during 
pulping. 
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Both active and inactive polysulphide are measured in the gravimetric 
test for polysulphide, and both are observed in UV spectrophotometric analysis except 
at 416 nm; at 416 nm, only active polysulphide is measured or detected. The VIS 
spectrometric measurement at 285 or 286 nm has contributions from both active and 
inactive polysulphide. The most important measurement is the concentration of active 
PS or the ratio of PS as measured by spectrophotometry (PSuva^is) to PS as measured 
by gravimetry (PSgr). This number describes how much of the total polysulphide is 
active polysulphide; the closer the ratio is to 1 the greater is the activity of the liquor. 

It is fiilly recognized by the inventors that polysulphide can be measured 
spectrophotometrically, and it is not the purpose of the present invention to claim 
applying spectrophotometry to the measurement of polysulphide; there is a substantial 
body of literature on this topic including the references identified by the Examiner. In 
the invention, the inventors use spectrophotometry as a means of distinguishing 
between active polysulphide and inactive polysulphide. 

The present invention is further based on the finding that there are 
previously unrecognized conditions that are necessary to ensure the highest level of 
active polysulphide and that these conditions can be different from the conditions that 
would give the highest total polysulphide concentration. 

Dorris et al 

The principal reference, Dorris et al, is concerned with oxidation of 
white liquor in the presence of lime mud. This oxidation is carried out employing 
oxygen, and as a consequence, sulphide in the liquor is oxidized. Some sulphide is 
oxidized to polysulphide, and some is oxidized to thiosulphate, as clearly explained by 
Dorris et al. 

Reference has been particularly made to column 9, lines 24-25 which is 
part of Example 1 . Column 9 of Dorris et al describes a series of tests carried out in 
Examples 2 to 6, to illustrate the effectiveness of varying different parameters, on the 
rate of sulphide oxidation and on the selectivity of lime mud under different operating 
conditions towards polysulphide generation. These Examples 2 to 6 particularly 
identify different polysulphide efficiencies. It is indicated that an efficiency of about 
100% indicates that all sulphide was oxidized to polysulphide whereas an efficiency 
lower than 100% reveals oxidation to form both polysulphide and thiosulphate. 
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In the Office Action bridging pages 3 and 4, reliance is made on column 
9, lines 24-25, which, it is indicated, teaches increasing the temperature of an oxidized 
white liquor from 90 to 100°C to complete the reaction and then storing. With 
respect, this is not what is described at column 9, lines 24-25, At column 9, lines 19- 
23, there is described the process of causticizing green liquor having an initial 
temperature of 90°C. This is not an oxidation process. It is a process for producing 
white liquor from green liquor. What is indicated at column 9, lines 24-25 is that at 
the end of the "causticizing", the white liquor temperature has increased from 90°C to 
100°C as a result of the exothermic reaction of lime hydration. This white liquor is 
not oxidized white liquor. Column 9 indicates that a sample is removed for analysis, 
and this sample was the "zero time oxidation sample". In other words, this is a sample 
of the white liquor before the oxidation reaction commences. Thereafter, as described 
at column 9, lines 29 et seq., air or oxygen was introduced "to permit the oxidation 
reaction to proceed". It is indicated that the temperature during the oxidation ranged 
normally between about 100 to 104°C. These oxidations were carried out employing 
the different operating conditions of Examples 2 to 6, and it can be seen that the 
polysulphide efficiency was different in the different Examples based on the different 
operating parameters. Thus, in Example 2, the polysulphide efficiency was only 30%, 
the major product of oxidation being sodium thiosulfate rather than polysulphide. 

Thus, with respect, the premise on which the objection based on Dorris 
et al is based is not correct. 

In the first sentence at page 4 of the Office Action, it is indicated: 
"It would have been obvious to the routineer that this further reaction would 
increase the concentration of the polysulfide." 

First, the increase from 90 to lOO^C in Dorris et al is not a further 
reaction. This increase in temperature is part of the causticizing reaction prior to the 
oxidation reaction. 

The Examples demonstrate that the oxidation of the white liquor 
produced different amounts of polysulphide (i.e., different polysulphide efficiencies) 
depending on the operating parameters. 

In fact, the Examples in the present application demonstrate that total 
polysulphide concentration decreases with time. Consequently, contrary to the 
assertion that it would be obvious to the routineer that a further reaction would 
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increase the concentration of the polysulphide, it is clear that increasing the 
temperature and then storing can, in fact, decrease the total polysulphide concentration 
as normally measured. By way of example, Table 4 at page 19 in the present 
specification shows that at 78°C the highest PSuva^is/PSgr ratio is obtained after 24 
hours even though the PSgr concentration (i.e., total polysulphide) in column 4 is 
decreasing and even the PS285 has decreased to some extent. Similar results can be 
seen in Table 8 at a temperature of 90°C. 

Thus, in practice, the total polysulphide content decreases with time and 
temperature rather than increasing as suggested in the Office Action. On the other 
hand, with increase in time and temperature, the active polysulphide content of the 
total polysulphide increases. 

Prior to the present invention, there was, of course, no recognition that 
polysulphide comprised two forms of polysulphide, one active and one inactive, in 
pulping, and clearly none of the cited references demonstrates this. 

Furthermore, and contrary to the indication in the Office Action that 
increase in concentration of polysulphide is an obvious expectation of the routineer, 
with further reaction, the contrary is established in the art. Indeed, while it might 
normally be expected that, once the liquor is no longer within the reactor zone where 
the catalyst and oxygen needed for reaction are provided, no more polysulphide will 
be formed. Instead, as recognized in the literature and as shown in the Examples, the 
total polysulphide concentration decreases with time because of the thermal 
instability of the molecule. 

The inventors found that some of the inactive polysulphide upon storing 
for appropriate times and at appropriate temperatures, as claimed in the application, is 
converted into active polysulphide and that this heat treatment overwhelms any 
decomposition of polysulphide that might otherwise be expected under the same 
conditions. 

In accordance with the present invention, the application of heat 
treatment to an oxidized white liquor results in an improvement in the pulping yield of 
the polysulphide liquor as a result of increased concentration of active polysulphide 
within the total polysulphide content of the liquor. 
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This is clearly not even hinted at by Dorris et al which neither 
recognizes the existence of the two forms of polysulphide nor that the content of the 
active polysulphide increases as a proportion of the total polysulphide under the heat 
treatment of the invention. 

Secondary References 

None of the secondary references in any way overcomes the basic 
failing of Dorris et al. 

That the secondary references describe spectral analysis to measure 
sulphide concentrations in pulping liquids is immaterial. Neither Dorris et al nor the 
secondary references were aware of there being two forms of polysulphide with one 
being active and the other inactive or that the proportion of active polysulphide within 
the total polysulphide could be increased by the heat treatment of the invention. 

In accordance with the invention, the concentration of active 
polysulphide at the expense of inactive polysulphide, within the total polysulphide, is 
increased. There is nothing in any of the references indicating this, and nothing that 
would teach, following the practices of the present invention, obtaining the indicated 
benefit of providing an oxidized white liquor exhibiting improved pulping yield 
characteristics. 

In the light of the foregoing, reconsideration is requested. 

Claims 15 to 18, which appear to have been overlooked, serve to further 
define the methods of the invention, and favourable consideration of these claims is 
requested. 

The attached PAIR page with the file history of the application also 
shows in items 16 and 15 the second preliminary amendment of November 20, 2003 
and, therefore, it is assumed that the amendment to the specification and drawings 
therein has been entered. 
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The application is believed to be in condition for allowance, and early 
and favourable action would be appreciated. / 

Respectfixlly, 

RONALD PETER VAN HEEK ET AL 

Agent for the Applicant 
Kevin P. Murphy 
Regis. No. 26,674 
OGILVY RENAULT 
1981 McGill College Avenue 
Suite 1600 

Montreal, Quebec, Canada 
H3A 2Y3 

Tel. -(5 14) 847-4293 
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Analysis of Oxidized Wliite Liquors. 
Part I: Determination of Polysulphides 
byGravimetry 



G.M. DORRIS and V.C. ULOTH 



A gravimePic metJiodfor measuring 
polysulphide sulphur (PS) concentration in 
anoxidiz^d and o^ddized samples of white 
liquor is described It is based on the precipi' 
tation of elemental sulphur when pofysul- 
phide solutions are acidified. The method 
was shoym to be accurate enough for routine 
analyses. However^ wUh certain types of li- 
quors produced by oxidation -with oxygen 
under pressure^ the polysulphides concen- 
trations were found to be affect^ by the 
degree of dilution during the acidification 
step. 

INTRODUCTION 

Wi^ the recent advent of polysul- 
phide cooldng in many Icraft mills, there i$ a 
need to rapidly measure polysulphide .con- 
ceotrations m oxidized white liquor samples 
ai a niil site Many direct and indirect meth- 
ods for polySulE^de detenninadon have 
been reviewed in the literature [1-2]. Indi- 
rect methods for kraft liquor analyses arc 
based ]ai:gely on the reaction of sulphite ions 
vdth polysulphide iqns» SnS~2, according to: 

SaS-2 + nS03-2 + H20 

nS^Oj'^ + HS" +Oir (I) 

By measuring the thiosulphate con- 
ceatnition before and after the addition of 
sulphite to a liquor sample, the polysulphide 
concentradon can be detennined, smce 
many potcntiomctric [3,4), iodometrie [51, 
pohtrographic [6\, and ion chromatographic 
[7] methods are available for Oiiosulphate 
determiimtioA in green or white liquors. Re- 
dox [8] and acidimetric [940] titration also 

J Q.M. Dorris and V.C. Uloth 

Pp PapriCTTi 
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based on Reaction 1 can also be used to 
detennine polysulphide concentradons. A 
potentiometHc titration of sulphide ions with 
HgCi2 after reduction with sodium amalgam 
[J ] and a thermometric [1 1] atraaon are also 
applicable for polysulphide detennination. 
Hic procedures used in these methods are 
often elaborate and require equipniient not 
always available at a miU site. 

More direct measurements of poly- 
sulphide can be made by XJV spectroscopy 
[12] and gas chromatography [13]« The 
Spectrophotomctiic method in quite rapid 
but« at die large dilutions required for absor- 
bance measurements, careful exclusion of 
air and control of the hydroxyl concentration 
and ionic strength arc essential to obtain 
stable and reliable absorbance readings. 
Moreover, it has been icpoitcd that this 
mediod Is not suitable for oxidized white 
liquor samples with a varying lado of poly- 
sulphide sulphur to total sulphide sulphur 
[14]. 

The gas chromatographic (GO) 
method is .claimed to be less sensidve to 
these tcdmiqucs. It is based on the decom- 
position of polysulphide to elemental sul- 
phur in a buffered aqueous solution (pH S.5) 
according to the following reaction: 



(2) 



The precipitated elemental sulphur, 
which has a very low solubility in water, can 
be derivatizcd with triphcnylphosphine and 
collected in a toluene extract The product of 
the reaction, triphenytphosphine sulphide, is 
then determined by flame ionization GC on 
a packed column. The sample preparation 
technique is quite sunple but the analysis 
time on a packed column is rather long. It is 
possible, however, to reduce the chroma- 
tographic analysis time from 20 to 2 min by 
die use of short capillary columns instead of 
packed columns [15}. The GC technique is 
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ti\u$ believed to be a convenient method for 
the concurrent analysis of large nuii^>ers of 
liquor samples and has, ind^^ been used 
widely in thiS'laboratory. The formation of 
stilphur is not new as early methods to meas- 
ure polysulj^iides in sulphur chalk relied oil 
the decomposition of polysulphide in 
slighUy acidic media [ 1 6]. Recently, sulphiur 
. produced by acidification of polysulphide 
has been measured turbidimctricaUy by _ 
flow injection cechoique [17], | 
Since a UV spectrophotometer or;k* 
gas chromatograph is not always available at 
the mill sites, we have used Reaction 2 as thi^, 
basis for a gravimetric analysis of polysul- 
phide sulphur in imoxidizad and oxidized^ 
white liquor^i. The gravimetric method was 
tested with synthetic polysulphide liquors 
and with white liquor samples oxidized in 
the laboratory, by comparing its results with 
those obtained by gas chromatography and 
by the amalgam method described in die 
official X^PPI Test Mediod T 694 oiii-90. 
The advantages and limitations of gravim- 
etiy will be discussed in this pq)eL 



EXPERIMENTAL : 
Preparation of Liquors 

Synthetic polysulphide liquors were 
pr^ared by dissolution of elemental sulphur 
in two stock solutions under a nitrogen a^ 
mospbegre. The first liquor (A) had a comp^ ? 
sition very similar to a mill wliitc liquor. 
was made by dissolving reagent grades 
NaOH (95 g), NaiS ■ 9 H2O (120 g) an<J 
Na2C03 (17 g) in deoxygenated distill^ 
water to form a 1 L solutioiL One litre of|;a 
second liquor (B), used prindpally to pre* 
pare GC standards, was prepared by adding 
150.0 g of Na2$ * 9 H2O to deoxygenated 
distilled water. Syntiietic pdysulphide li- 
quors of various concentrations were ob- 
tained by dissolution, widi stirring, of ~0.2 
to 4.0 g of elemental sulphur (99.999% pure 
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from Aldrich, weighed .accurately) into 100 
raL volume? of each, of the two liquors. held 
ai 50*C in a«nitn>gcn atmosphere. The resu]- 
tant polysiilphide liquors, with concentra- 
tionjj of polysulpbide sulphur ranging 
between -2.0 and 40 g/L, were then trans- 
fened to 50 mL serum bottles which were 
completely fiUcd. capped with PTTE-lincd 
septa and crimped aluminum seals [13]. 

Oxidized white liquors wereprepured 
in a 1 L laboratoty reactor, in a 1000 Lpilot 
plant batch reactor and in a 150 ro pipeline 
reactor. In Die batch reactors, the oxidations 
were earned out at atmospheric pressure 
with air or oxygen, catalyzed by lime mud 
and/or MnOj. In the pipeline reactor, the 
operating pressure was as high as 1150 kPa 
at a maximum flow rate of 225 L/min. De- 
tails of the reactors and of the results of the 
trials will be prefiented elsewhere. 

Polysulpfiide Determination 
Gtavimetry 

A 10.0 mL volume of clear liquor was 
transfetrcd by pipette into 100 mL of dis- 
tilled water in a 250 mL beaker equij^ed 
with a magnetic stirrer- Aldiou^ a 10 mL 
volume of liquor will ncomally yield suffi- 
cient precipitate to be accurately w:cighed, 
this volume may be increased to 25-50 mL 
for unoxidi;!:ed mill liquors having a very 
low polysulphide concentration. With im- 
pzt>perly clarified liquor, the conliibution of 
5ncly dispersed calcium caibotiate, or of 
co-picdpitates containing multivalent mec- 
als, to the weight of precipitated sulpfaurmay 
be significant Tbis soorce of error was 
found to be laigely elinninated by the addi 
don of a i 0 n)L of 0.05 M EDTA solution to 
tlie diluted liquor sample. The beaker was 
them placed in a fume hood and a combina^ 
tion glass. pH electrode inserted in the 
beaker. Using a Pasteur pipette, the sample 
was rapidly acidified to a pH of 8 witfi HCl 
(3 mol/L) and constant agitation. The pH 
was dien adjusted lo 5.0-5J with IICI 
(1 mol/L), The soktion then had a milky 
white appearance as a result of the finely 
divided elemental sulphur. A 4.7 cm diame- 
ter Miilipore-type GS filter with a pore size 
of 0.22 |im, weighed on an analytical bal- 
ance witliout drying, was fitted on a 4.7 cm 
>1i]lipoie fiher holda to filter the fine pre- 
cipitate. The filter assembly was mounted on 
a 250 mL filtering flask which contained a 
sohition of NaOH (0.1 mol/L, 100 mL) to 
reduce H2S emission. The whole sluay was 
filtered under vacuum. Small aliquots of dis- 
tilled water (a total of 50 mL).were used to 
transfer the precipitate quantitatively to the 
fiher. After dcwatering, the precipitate was 
washed with an additional 25 mL of distilled 
water and dewatcred again under vacuum. 
At this stage, the wet precipitate should have 
a yellow colour. If it was grey, a 10 mL 
volume of 0.05 M EDTA followed by 10 mL 
distilled water was passed through the solid. 
Using apaii of tweezers, the membrane filter 
was transfetrcd to a watch glass for drying. 
Because the drying conditions markedly af- 
fect the reproducibility of the results, it is. 
ptefeiaUe, when many f;aiiiiple$ arc ana- ^ 
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ly^ed, to precipitate tiiern con^utively and 
then dry all the samples simultaneously. 
Above ^O'^C, significant I08S of sulphur on 
the filter was experienced. Best results were 
obtained by placing ti\e samples in a vacuum 
desiccator for 2 h» altiiough tills metiiod is 
not very practical Diying at 80"C for tJi- 
acdy 20 nun was found acceptable as» nnder 
these conditic»is, all the water is removed 
and sulphur loss by vapcHization is very 
small. 

During the filtration, washing and 
drying steps, the filter membrane lost be- 
tween 0-4 and 0.6 mg. An average negative 
correction of 0.5 mg was tiicrefore applied 
to the original weight of the filter. The con- 
centration of polysulphide sulphur (PS) in 
g/L was then calculated from the difference 
between die dry weight of the membrane 
filter witii the precipitated sulphur and die 
corrected weight of die filter, divided by die 
volume of liquor acidified. 

Thcgravim^C method is rapid com- 
pared to most other methods as one pei^on 
can easily analyze six saixq^lcs in less than 
90inin. 

Sodium Amalgam Method 

This method (the official TAPPI Test 
Mctiiod T 694 om-90) is based upon the 
reduction of SaS"^ to S'^ by tiie sodium 
amalgam. As discussed by Hasty and 
Johnson [18], the TA?P£ procedure must be 
carefully followed to minimize the sources 
of ciroL Indeed, die results obtained, by tins 
method f oimd to d^)end grcatiy on the 
degree of dilution of die sample, its time of 
exposure to the amalgam, and the presence 
of air during the reduction. Precautions were 
tuken to minimize the effect of these sources 
of error and only fresh amalgam samples 
were used for the reductions. 



Gas Chromatography 

Sample preparation techniques and 
chromatographic conditions of die GC 
method have been described in detail by 
Borchardt and Easty 113}. To reduce die 
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analysis tinie, a short capillary column was 
substituted for the packed column suggest^ 
in the original mcdiod. . 

GC analysis was performed on ^ 
Hewlett-Packard 5880A equipped witiija 
flame ionization detector and a 2 m x 0 
mm DB-I fused silica capillary columH 
(J & W Scientific) [15]. The column ovek 
temperature was 2 IJ'^C and both die injector 
and detector ports were maintained di 
260°C. Helium (high purity grade, further 
purified to remove traces of water and oxy- 
gen) was used as carrier gas at a linear 
column flow rate of -25 cm/s. The solvent- 
flush technique was used to inject a 1 fiL 
sample into Uie unpacked^ deactivated split 
liner. The split ratio in the injector was kept 
at ~ 1 00; I. A typical chromatogram, shown 
in Fig. 1, indicates that the analysis time was 
~1.5 min instead of the 20 min necessary inV ' 
a packed column. 

To produce good siiced peaks with a I 
^ sample volume and a split ratio of 100: i ;^ 
tiie sample preparation technique of Bor^ 
chardt and Easty [ 1 3] was modified slightiy: 
Volumes of 40 mL potassium acid phtiialate 
buffer (pH 5.5) and 10 mL toluene 
containing die GC internal standard (i.c|^ 
tetracosanc. 99%, from Aldn'ch, at a concent 
tnition of about 0.300 mg/mL) were plac^ 
in a 60 mL scrum bottle. Alter purging wi^ 
nitrogen, die boule was capped with a PTFE-? 
lined septum and crimped aluminum sealf 
One ntillililic of triphenylphosphine (TPP, 
99%« from Aldrich) at a concentration of 
20 mg/mL was injected into a capped bottle, 
followed by an injection in the aqueous 
phase of 250 pL of liquor sample. Because 
the sample volume is ~5 times larger than in 
the original method, the buffer capacity was 
exceeded. Thus, an additional 1 mL of 
1 mol/L HCl was also injected into die 
capped bottle to maintain the pH in the cor^ . 
rcct range. The boltic was then shaken tor ^^^^^^ 
10 min in a horizontal shaker and. after let* 
ling the two phases separate, 1 mL of tli^e^ 
toluene phase was removed for GC analysis? 

Because the response of the FID to . 
triphenylphosphine sulphide (TPPS) and t^ 
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Fig, 1 , Gas chromatogram of the toluene extract of an oxidized White Tiquor treated byr 
the trfphanytph06phine (TPP) method. (TPPO = triphenyiphosphine oxide: TPPS 
trlpheitylphosphlnesuiphldo). 
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tbc internal standard, tecracosane» is differ- 
ent, a response factor (ix,» factor by whicli 
the axea of theTPPS peak must be mul^plicd 
to give ari equivalejit weight of internal 
standard) was established by injecting raix- 
tiires with known compositions of TPPS 
(98% purity from Aldrich) and teiracosane. 
The polysuiphide sulphur, for each sample 
was determined tiom a minimum of two 
injections. 



RESULTS AND DISCUSSION 
Synthetic Liquors 

Four poiysulphide solutions, pre- 
pared by dissolution of elemental sulphur in 
two liquors (A and B), were analyzed by 
giuvimetiy, chromatography, and poten* 
tiometiy with HgCl2 after reduction with a 
sodioin amalgam. The results (Table I) indi- 
cate that sulphur recoveries by gravimetry 
range between 93 and 105%. "^^thin the 
limits of precision of each method, dtere is a 
reasonably good agreement between the 
three methods. However, the SOdiutxi amal- 
gam roetl)od is the least convenient for rou- 
tine analysis because many precautions are 
required to maintain the integrity of the sam- 
ple during analysis. Moreover, the manipu- 
lation and regeneration of fresh amalgam 
samples noake this technique radier tedious. 
The poor reproducibility of the GC method 
was caused by variability in the relative peak 
areas of TPFS and the internal standard, 
induced by the split injection mode [191. 
This source of imprecision can be nsduced 
by the use of apacked column but the major 
gain in analysis time achievable with, short 
capillary columns largely offsets the small 
loss of iwecision. Measurements of poiysul- 
phide sulphur by CC were therefore based 
on the mean of at least two injections. The 
results in Table I also suggest that, at least 
for these synthetic poiysulphide solutions, 
gravimetry is a satisfactory method^ with a 
maximum standard deviation of 0.2 gfL for 
conct^trations ranging from 2 to 8 g/L. 



Oxidized White Uquors 

Oxidized white liquor (OWL) sam- 
ples were produced as described in the Ex- 
perimental Section. Table U indicates that, 
with unoxidized liquors (A) and with liquors 
oxidized at atmospheric pressure in a batch 
reactor (OWL A, B and C), poiysulphide 
sulphur concentrations measured by gravi- 
metry and chromatogn^hy agree well. The 
results obtained widi the sodium anmlgam 
tend to be lower, possibly because contact of 
the dilute sample with air during the amal- 
gam treatment and during titration was not 
totally prevented^ thus causing sulphide 
losses which resulted in too low W2lues of 
poiysulphide sulphur in the determination. 
Easty and Johnson [18] have suggested the 
presence of inherent sources of errors in die 
sodium amalgam procedure. However, it is 
possible that gravimetry and chromatogra- 
phy, which are both based on the decompo- 
sition of poiysulphide under acidic condi- 
tions, are also subject to error. A potential 



source of error was 
indeed . revealed 
when white liquors 
oxidized under pres- 
sure (OWLp D, E 
and F) ww:e ana- 
lyzed both by 
gravimetry and by 
chromato^r^hy.As 
illustrated in T^blc 
n, gravimeuy con- 
sistendy yielded 
much kugher values. 
Extraction with 
toluene of the mate- 
rial precipitated during the gravimetric 
analysis indicated that Uie soUd being 
weighed was only elemental sulphur with no 
iiq)urities. As the major difference between 
the two techniques lay in the degree of dilu- 
tion of the san^le during acidification, the 
GC analyses on liquor samples D and E in 
Table fZ were repeated using the same dilu- 
tion as that used in the gravinieiric method. 
The values in parentheses in 'Dibte n indicate 
that die two methods then agreed Thus, the 
degree of dilution of the poiysulphide solu- 
ticttis appears to affect the amount of sulphur 
released during the acidification of white 
liquors oxidized under pressure. 

This effect of dilation on die gravi- 
metric results was studied further on three 
different samples. The first was a syntiietic 
poiysulphide hquor prepared by dissolution 
of 4 g of elemental sulphur in a 1 L volume 
of white liquor A. The other two were ob- 
tained from pilot plant runs during which 
mill white liquors were oxidized at atmos- 
pheric pressure in a batch reactor (OWf.), 
and undo- pressure in a pipeline reactor 
(OWi-p), respectively. Aliquots of 1, 5, 10 
and 20 mL of each liquor were diluted in 100 
mL of distilled water, acidified to pH 5, and 




the released sulphur was measured by 
gravimetry. Table 111 shows that» at a san^le 
volume equal to or larger than 5 ml-, tjie 
poiysulphide sulphur concentrations for^e 
synthetic liquor and for the OWL sample are 
reasonably constant, In botii cases, a I mL 
sample yields lower values because, with' 
this small (4 mg of sulphur) sample, sm|ll 
losses occurring during filtration have a sij^ 
nificant effect on the weight of sulphur ^ 
termined. The effect of dilution on 
determination by gravimetry appears to be 
small for these two types of poiysulphide 
liquors. In contrast, the amount of elemental 
sulphur released by the acidification of a 
1 mL sample of white liquor oxidized under 
pressure (OWLp) is to too low, compared to 
the lai^ger size samples, to be accounted for 
by noaterial losses during sample filtration.; , 
Becaase a shift in the ccnnplex equili} 
bria between various sulphur anions m^ 
likely to occur when the sample is 
dilute, determination of poiysulphide si^- 
phur by gravimecty should be more lelia^Ie 
when larger sample sizes are used in '}^ 
adiUfication step. However, colour dian^ef 
occurring during acidification indicated 1^ 
(his argument might not be ccnroct f<^ li<)H^ 
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samples oxidized under pressure. Synthetic 
polysulphide solutions or wiiite liquors oxi- 
dized at atmospheric pressure bad a yellow 
to orange colour, characteristic of polysul- 
phide ions. Upon acid addition^ the colour 
disappeared only when the precipitation of 
elemental sulphur was complete at a pH of 
around 6. In contrast^ almost all liquors par- 
tially oxidized in the pressurized pipeline 
reactor had a pale green colour. After dilu- 
tion and aeidification to pHs between 10 and 
12, the solutions turned yellow, UV spectra 
on liquor samples taken during acidificatioii 
indicated tiic presence of the characterisdc 
polysulphide bands. The band vanished rap- 
idly unless the pH of the solution was 
brouj^t down to -8. TbttS, the appearance of 
(he yellow colour upon acidification appears 
to be due to die fonnation of polysulphide as 
the alkalinity dropped. These observations 
suggest that polysnlphides in liquors oxi- 
dized under pressure were not present in 
significaDt quantities in the imdiluted liquocs 
but rather were foimed during the acidifica- 
tion because of a shift in one of the many 
equilibrium reactions involving (he various 
sulphur species in solution. One possible 
cause for the observed phenomenon will be 
discussed in a future paper. 

The results of a gravimetric analysis 
for polysulphide should thus be ioteipreted 
with caution as this method appears to yield 
erroneous results for ceitain liquors, such as 
white liquor oxidized with oxygen under 
pressure at elevated temperatures. To ensure 
reliable results, gravirnetric analyses should 
be earned out with different sample sizes. In 
case of discrepancy, the test should be re- 
peated at progressively higher dihitions (up 
10 waler/sample > 100) but with larger sam- 
ple sizes to produce enough sulphur to be 
we^ghable. 



CONCLUSIONS 

A gravimetric method based on acidi- 
fication to produce eletnental sulphur is ef- 
fective for routine analyses of polysulphide 
sulphur (PS) in oxidized white liquor* How- 
ever, in liquors oxidized with oxyger under 
pressure the concentrations of PS were af- 
fected by the degree of dilution of the sam- 
ples before they were acidified. This 
problem can be avoided by cattying out the 
gravimetric test on samples dihifed to differ- 
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Analysis of Oxidized White Liquors. 
Part II: Potentiometric Titrations 
for the Determination of Polysulphides 
and Sulphoxy Anions 



G.M. DORRIS and V.C. ULOTH 



When acidimetric titrations ("ABC" 
method) were carried out on liquors with 
concentrations of poly sulphide sulphur ( PS) 
greater than S/L, atHw endpoint around 
apHofS was shown to appear This end- 
point, which occurs because of incomplete 
reaction between polysulphide and formal- 
dehyde, was used to get a measure of FS 
cottcentratioiL AlkaUcIumges during oxida- 
tion cf sulphide ions- were shown to be 
caused by concurrent formation ofpolysul- 
phide, thiosidphase, cmd sulphate ions, 

INTRODUCTION 

It was showD picviously [1] Cbal a 
simple gruYimelnc method may be used to 
determine routinely polysulphldc concen- 
trations in oxidized white liquors. Since 
most milts already analyze their while Uq- 
uOvB by the so-called standard ABC titration, 
some problems associated with the use of 
this titration on polysulphide liquors have 
been identified and will be discussed in this 
second pq>er of a two-part saxes. 

Because partial oxidation of white li- 
quor samples for polysulphide generation is 
claimed to result in an increase in effective 
alkali concentration 12,3] and because the 
alkalinity of green and white liquors i$ rou- 
tinely measured at mills by the standard 
ABC titration, an attempt was made to relate 
changes in the alkali concentrations, as 
white liquor oxidation proceeds, to polysul- 
phide ptoducUoQ. It will be shown that these 
changes during oxidation produce useful in- 
formation not only on polysulphide foana- 
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tion but also on the concurrent thiosnlphale 
and sulphate generation. 



CHEMICAL EQUILIBRIA 
OF OXIDATION SPECIES 

ITie conventional way of expressing 
die vaiious oxidation fractions involving so- 
dium sulphide in white liquCtt* is pveti in the 
following reactions [2,4^]: 

2tNajS + (jc - 1)02 + 2(Jt - 1) H2P 

2Na2S, + (4jr - 4)NaOH (1) 

m^S^ + (;r + 1)02 + 2(;c - 2) NaOH 
^JcNa2S203 + (x-2)H20 (2) 



2Na2S+202+H20 
^Na2S203 + 2NaOH 



(?) 



Na2S + 202'?3^Na2S04 (4) 

where 5 >x> 2 in Reactions 1 and 2. 

These equations Suggest thax caustic 
soda is always produced during the forma- 
uon of tfaiosulphatc or polysulphide by 
direct oxidation of sodium sulphide (Reac- 
tions 1 and 3). Tl)i$ is misleading because 
the ion, S-2^ does not paiticipaie in the oxi- 
dation reaction. Indeed, it is now wcU estab- 
lished that the sulphide ions in green, white 
or black liquor are completely hydrolyTied to 
sodium hydrosulphide by the reaction [6,7]; 



NajS + H2O NaHS + NaOH 



(5) 



J 3 



Thus the NaOH apparentiy produced 
by the oxidation Reactions 1 and 3 comes 
l^ely or solely from the hydrolysis reac- 
tion and is produced independent of any 
oxidation reaction. When die oxidation reac- 
tions are expressed in terms of hydix)sul- 
phide rather tiian Sulphide ion 18J, and when 
Che polysulphide ions are expressed tu^ SnS~^ 
instead of SjT^ the most important oxidation 
reactions involved are: 



(2/i + 2)HS- + n02 

^ 2S^S"^ + 2(w - l)OH- + 2H2O 

2S„S-^ + (w -f 2)02 + 2(n - l)OH- 
(n + OSjOj + (n - i)H20 

2HS- + 202T=^ SiOj-^ + H2O 

2HS- + 3O2T* 2503-^ + 2H* 

2S03-^ + 02v^2S04~2 



(6) 



(7) 



where 4 > /i >i in Reactions 6 and 7. 

The stoichiometry of these leactions 
indicates that fonnation of thiosulphatc docs 
not produce or consume caustic. Further oxi' 
dation of hydrosulphide ions to sulphite and 
finally to sulphate ions consumes 1 mol of 
OH" pw mole of 504-^ formed. The causjdc 
balance accompanying polysulphide fonfiar 
tion is more complex because it depends on 
the chain length, n, of the polysulphide sul- 
phur, Sn, of zero oxidation state being 
fomiHed during die oxidation. The equillt^a 
of polysulphide solutions have been thor* 
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oughly studied by [9, 10] and Qiggcrh 
bach {U42]. Although their studies were 
not made on oxidized liquors but on polysul- 
pliide. solutiods produced by dissoiutioD of 
sodium tecrasulphide or of sulphur in aque- 
ous hydroxide and sulphide solutions* their 
observations also apply to oxidized white 
liquors. 

When Sulphur is added to an alkaline 
sulphide solution, the equilibrium between 
elemental sulphur and polysolphide ions of 
avaage chain length, n, can be written as: 

7iS(s) + HS- + OH- ^ + H^O (11) 

Thus, hydroxyl ions are consumed in dte 
fomiation of polysulphide by sulphur disso- 
lution. The average ^ze, n, indicates that 
many polysulphide ions of various sizes can 
be simultaneously present in solution. The 
equilibria between polysulphide ions of dif- 
feient sulphur chain lengths in aqueous so- 
lutions can generally be described by the 
equation [13]: 

r*Sf+yS"^+HS- + OH^ (12) 

The proportion of the various poly- 
sulphide ions in equilibrium is controlled by 
the variable B [10]: 



[HSn[Oin 
[S(0)] 



(13) 



Spectroscopic observations indicate 
that the average n value of a mixture of 
polysulphide ions (SjS'^, SJS^K.) tends to 
decrease wiOi increasing B value [10] and 
tempeFature [12]. The equilibrium distribu- 
tion of polysulphide ions as a function of B 
values, presented by Gtggenbach [11,12], 
suggests that, with the high degree of alka- 
linity present in oxidized white liquors, the 
following polysulphide ions are present 
SS2-, S2S"^ and S4S-2. According to 
the stoichiometty of Reaction 6^ when n 
equals 1, 2, 3, or 4 the amount of caustic 
produced by the oxidation of hydrosulphide 
to polysulphide ions would be 0, 0,33, 0,5 or 

0. 6 mol, respectively, per mole of HS~ oxi- 
dized. Thus, provided that the average n 
value of the polysulphide ions is larger tfian 

1, hydroxyl ions wj.ll indeed be pix>duced 
when polysulphide ions are fanned. 

Because of (he rearrangement be- 
tween polysulphide ions of various sizes 
(Reaction 1 2), analysis of polysulphide ions, 
once they are diluted and/or titrated with 
acid, is not straightforward. During acidifi- 
cation the polysulphide ions rearrange to 
form fewer but larger polysulphide ions 
[13,14]. Although this rearrangement reac- 
tion is of technical importance, the equilib- 
rium descritted by Reaction 11 is of more 
slgniQcance to the analysis of polysulphide 
sulphur by gravimettyi chromatogr^hy or 
acidunetiy. Upon acidificatioii^ the hydroly- 
sis of poly sulphides ions will be forced (i^, 
reaction goes to the left)» causing the release 



of I mol of OH- and 1 mol of HS- per mole 
of elemental sulphur precipitated. The basis 
of both the gravimetric ai^d chromatographic 
methods^ described previously [ 1 ] is thus the 
forced hydrolysis of polysulphide ions. 

EXPERIMENTAL 
Preparation of Uquors 

Preparation of synthetic polysulphide 
liquors by dissolution of elemental sulphur 
in two stock solutions under a nitrogen at- 
mosphm has aheady been described [1]. 

Oxidized white liquors were prepared 
in a laboratory reactor^ in a 1000 L pilot plant 
batch reactor and in a pilot plant pipeline 
reactor. In the batch reactors, tiie oxidations 
were carried out at atmospheric presstire 
with air or oxygen,- with various types of 
oxidation catalysts whereas, in the 150 m 
serpentine reactor, the iteming pressure 
was as high as 1 150 kPa for a m«Tiinnm flow 
raieof225Umin, 



Liquor Aralys 
Deteminatiort of sulphide, 
thlosulphatB^ sulphite and 
sulphate Ions 

Total sulphide (i.e.) free sulphide plus 
sulphide bound in polysu^hidc) was dctE^- 
mined, on 1 to 5 mL sample* to which an 
excess of sodium sulphite was addcd^ by a 
potentiometric titration with HgCla using a 
sulphide ion-selective electrode [15]. Thio- 
sulphate was also determined from a poten- 
tiometric titration with HgCh but no sulphite 
was added prior to the titration; sulphide and 
polysulphide ions were first removed by ti* 
tration witii HgQ2 to an equivalence point 
located at ~500 to ~400 mV The pH of die 
medium was then adjusted to 7.0-7.5 and 
formaldehyde added; the solution was then 
tiutued to a second equivalence point (*- -50 
to -10 mV). The thiosulphate concentration 
was calculated irom the volume of HgCi2 
consumed between the two equivalence 
points. 

These titrations, as well as acidimet- 
ric titrations to be described later, were aQ 
carried out at room temperature under a ni- 
trogen atmosphere with a Metrohm 636 
Throprocessor using the dynamic mode of 
volume addition. The endpoints wet^ iden- 
tified by the automatic titrator. 

It has been reported by Bilbetg [16] 
and Papp [15] that, during the ticration of 
tiiiosulphate with HgQ2, sulphite Ions were 
also titrated. Tb eliminate this intofmncc, 
ft was recommended to add formaldehyde in 
order to convert sulphite into an inert bisul- 
phite compound. However, examination of 
the potentiometric titration ctirves for many 
mill liquor samples, spiked wiU) sodium sul- 
phite and/or sodium thiosulphate, indicated 
that the thiosulphate endpoint identified by 
the titroprocessor was not affected by the 
presence of sulphite ions. In a mixture of 
both ions, tiieie are generally two endpoints 
on the potentiomenic curve. The first one, 
which is relatively sharp and easily identifi- 
able, at a potential of -50 to - ) 0 m V, corre- 
sponds to thlosnlphatc titration; the second 
one, at a sligfaUy positive electrode potential 



(i.e. 70 to 130 mV), is ill-defined and corre- ^ 
sponds to sulphite titration. Although for- 
maldehyde addition improves the definition 
of the thiosulphate endpoint, it does not sig- 
nificantly change the value of the first end- 
point volmne identified . by the 
titroprocessor. Thus, when an automatic 
titrator is used for the potentiometric deter- 
mination of sulphur species in a liquor con- 
taining both thiosulphate and sulphite ions, 
the first endpoint corresponds to thiosul- ^ 
phate and not to thiosulphate plus sulphite. ;^ 
Because the second endpoint, corresponding T 
to sulphite tiu^on, is not well defined, the 5'^ 
procedure of Bilberg [16], adapted by Papp^ - 
[15] for a Sulphide ion-selective electrode, is.^j 
believed to bie inacctirate for the determina-; ' 
tion of sulphite or even the sum of sulphite' 
and tliiosulphate. ^/j 

Sulphite and sulphate ion analyses' 
were performed on a. Dtonex Model ;.| 
4000 ion cfaromAtograph equipped with eon^^/ 
ducdvi^ and UV detectors. The conditions 
used, as well as tiie problems associated with .h: 
the analyses of sulphite ions, have been do- "-r 
scribed m detail by Doaek et al. [17]. 

Polysulphide Determination 
by Gravlmetry 

A gravimetric method for measuring 
polysulphide sulphur concentration (PS) in 
unoxidited and oxidized liquor has been 
described in detail previously [I]. 



Acldlmetric Titrations 

In most cases, 5 mL liquor samples 
diluted to 100 mL with distilled water were 
titrated potcntiomctrically with HCl 
(1 mol/L) using Technical Section, CPPAy 
Standard J J (Standard ABC mediod). Some 
samples were also titrated using modified 
ABC procedures: without BaCh addition' 
before the titration, and without formalder 
hyde after die first endpoint; witii fonnaldcT^ 
hyde and BaCl2 added prior to tiie titration; 
without BaQ2 but with formaldehyde added 
after the first en<^K>iiiL 



RESULTS AND DISCUSSION 
Potentiometric Titrations 
Acidimetric Titrations With and 
Without Formaldehyde Added 

In a mill, the concentrations of hy- 
droxy L^sulphide and cartx>jiat)eicms in unox- 
idized grem or white Uquor ate generally 
determined by a titration with acid according 
to procedures described in Tbehnieal Sec-, 
tion, CPPA Standard J.12 or in SCAN 2:63. • 
The three endpoints of the so-called ABC^ 
titration can be identified by using chemical, 
indicators (SCAN) or inflection points on^ 
die potentiometric titration curve (CPPA). A^ 
typical potentiometric curve for an unoxi-.; 
dizcd mill white liqutx is shown in Rg. l'.; 
(Note that this liquor had a high thiosulphate 
concentration of 6 g/L, as NasO.) In this 
ABC titration procedure, an excess of bar^ 
ium chloride is added to the diluted liquor 
sample to predjntate the cartxmatc ions as ' 
insoluble barium carbonate which is neutral 
toward phenolphthalein. When Ote titration 
is carried out to the first equivalence point. 
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FIfl. 1 . ABC titration euive of a mill wriiite liquor. 



Fig. 2. Potentioinetric titration curves of a pure sodium MilpMde 
«oluHon, before and after sulphur dissolution. 
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Fig. 3. Potentlomotrie titration cunm of the same solutions In 
Rg. 2 with fonnaldetiyde added after the first endpolnL 



A. thd hydroxyl iom prCKluced by the caus- 
ticizing reaction and by the hydrolysis of 
sodiuni sulphide (Reaction 5) arc ncu.lral- 
ized (A = NaOH + 0.5 NaiS on a Na20 
basis). After ttiis fixst cndpoint, an excess of 
neutnilized fonnaldebyde is »ldcd to con- 
. veit HS- into OH- according to: 



HS^ + CHjO + HzO 
OH-CHj-SH + OHT 



(14) 



The released OH" iofts, which on a 
molar basb equal die HS~ concentration, are 
then titrated in going to the second endpoint, 
B (B - A= as NaiS as Na20). The titration 
is continued to a third endpoiot, C, which 
rqprcscnts.the fientralizaiion of the hydroxy! 
ions fonnedby hydroly bis of barium carbon- 
ate (C - B = Na2C03 as NaaO). From the 
amount of add consumed at the three end- 
points, the effective alkali (EA»NaOH+0 J 
NajS), the acdve alkali (AA = NaOH + 
Na2S) and the total titratabie alkali (TXA » 
NaOH + Na2S + NajCt^a) can all be dct«- 
mined 
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This standard 
procedure has been 
modified by Ahlgren 
[19] to measure 
polysulphide sul- 
phur in white liquor? 
containing signifi- 
cant amounts of 
polysulphide. To es- 
timate (he polysul- 
phide saiphur 
concentration, two 
separate tiuations 
are required. 

When Afal- 
gren's first acidimet- 
ric titration (i*e., 
addition of BaCl2 
and formaldehyde 
before dtraiion) was 
tried on oxidized 
white liquor sam- 
ples» it was observed 
that, whenevCT these liquors bad polysul- 
phide sulphur concentrations in excess of 
~2 g/L, dirce endpoints, instead of tlie two 
predicted by Ahlgrcn, were consistently de- 
tected by the dtroprocessor. By running ti- 
trations on the same sample with and without 
adding BaQz or formaldehyde, it was ob- 
served that this additional endpoint was de- 
tectable only when an excess of 
formaldehyde was added either before the 
titration or after the first endpoint. Thus* the 
reaction between polysulphide ions and for- 



maldehyde appeared to be responsible for 
this new endpoint. Tb establish die origm of 
this new endpoint, a sodium sulphide solu- 
tion was analyzed addimetricaily before and 
after dissolution of 4- and 40 g of elemental 
sulphur, respectively, in a 1 L volume Of the 
stock sulphide liquor. The resulting solu- 
tions were obviously simpler to analyze than 
white liquors because tiiere were no hy- ^ 
droxyl or carbonate ions from the causticiz-; 
ing reaction and virtually no snlphoxy ' ; 
anions. 

From a poteDtiometric titration wiih 
HgCl2, the sulphide concentration of thc Vr 
Stock solution was found to be 39.0 g/L, as' 
Na^O. The polysulphide sulphur concentra- 
tions of the solution after addition of 4 and - ^ 
40 g of sulphur were found gravimetrically 
to be 4.01 and 39.1 g of S/L. Figures 2 and ^ , 
3 present pH titration curves of the sodium ' 
sulphide solution, before and after su^ur 
dissolution, without (Fig. 2) and with for- 
maldehyde added after die first endpoint 
(Fig. 3). In Table I, the titrant volumes at the 
endpoints. indicated by filled circles in the 
two figures* arc presented. With no formal- 
dehyde added, only two cndpoinis were de- 
tected in the three solutions. The first 
inflection point on the NaiS curve corre- 
sponds again to the neutralization of hy drox- < [ 
ide ions produced by die hydrolysis of .; 
sulphide ions (Reaction 5) whereas tiie sec-; 
ond one represents the neutralization of the 
hydroxyl ions produced by the hydrolysis of 
HS~ ions according to: 
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(15) 



The use of Ihc first and second end- 
point volumes in l^le T to calculate sul- 
phide concentration in the stock liquor yields 
vahies of 39.0 and 39.1 g/L (NazO), respec- 
tively, in exceUent agtccment with that mea- 
sured by dtraticm with HgCl2. After sulphur 
addition, die volume at the first endpoint is 
reduced because polysulphlde fonnadon by 
sulphur dissolution c<H)amies both OH~ and 
HS- ions (ReacdoD 11). From the drop in 
0H~ concentration after sulphur addidon 
and firom the polysulphide sulphur concen- 
traiions, = A [OH-MS(0)])» it can be 
estimated that the mean size of polysulphide 
ions, is ~3 J for both polysulphide solu- 
tions, in agreement with reported n values at 
25^C (i.e., 2.9 to 3.8 [1 1^0]). The pH curves 
of Na2S and Na^S + 4 g S/L in Fig. 2 al$o 
show tiiat, at the second inflection point, die 
titrant volume is the same for both solutions. 
Thus, although OH" and HS- are consumed 
during polysulphide formation, the same 
two ions eventually get liberated at a lower 
pH when polysulphide ions hydiolyze (i.e., 
Reaction 11 goes to tiie left). WslQi a yeiy 
high concentration of polysulphide, the 
ti&ant volume at the second endpoint is 
Sli^tiy lower than in the other two sohitions. 
It is suspected that small amounts of thiosul- 
phate ioQS, which are non-titiatable by acid 
at high pHs, were formed dudng sample 
preparation. 

As dq)icted in Fig. 3, formalddiyde 
addition after the first inflection point led to 
the appearance of a weak inflection point on 
die pH curves of polysulphide sohitioos. 
However, as shown in Table I, die third 
endpoint volume on the pH curves of poly- 
sulphides solutiomi treated with formalde- 
hyde coixesponds to the second endpomt on 
die pH curves widiout formaldehyde addi- 
tion. Thus, the final caidpoint on the pH 
curves obtamed widi or without formalde- 
hyde addition can be used to estimate die 
total su^hido concentration (i.e., fre& 4- 
bound to polysulphide sulphur) in polysul- 



phide liquors pio- 
. duced biy dissohidon 
of elemental sulphur: 
m sodium sulphide 
solutions. Ibe origin 
of the second end- 
point alter foxmalde- 
hyde addition still 
remained unclear. 
According to Ahl- 
grcn [19], when an 
excess of formalde- 
hyde is present, the 
sulphide ion, in 
S^S-^ consumes two 
hydrogen Ions, as 
does die free sul- 
phide. However, the 
curves shown in Fig. 
2 and die data in 
Table I indicate that, 
without formalde- 
hyde, the bound sul- 
phide also consumes 
two hydrogen ions during polysulphide hy- 
drolysis. Because formaldehyde addition 
decolorized polysulphide solutions only 
partly, it was suspected diat the reaction be- 
tween CH2O and S„S-2 did not go to com- 
pletion at room tempczatuie. It has been 
reported [20] that, during a polysulphide 
cook, polysulphide ions are consumed by 
reaction with aldehyde groups in wood com- 
ponents before maximum pulping tempera- 
ture is reached: 



S„S"2 + 2 Off- +RCHO 

^ S^,S-2 + HS" + RC30p' -t- H2O 



(16) 



To check the extent of the reaction 
between polysulphidcs ions and formalde- 
hyde^ a 5 niy volume of the polysulphide 
solutions with 4,0 and 39.1 g/L of polysul- 
phide sulphur, respectively, was treated with 
a 5 mL volume of formaldehyde. The two 
treated liquon were then acidified to pH 
5.5 and the sulphur which precipitated 
below a pH of 8J was measured by 
gravimetry. Under the action of fonnalde- 
hyde, the polysulphide su^hur concentra- 
tions in the two solutions drc^ped from 
39.1 to -30 and torn 4.0 to -1.5. respec- 
tively. Hie gravimetric results confirm quali- 
tatively at least that polysulphidcs are only' 
partially attacked by fonnaldehyde at tOOm 
temperature. Hiis partial convemon is in- 
deed responsible for the appearance of this 
second endpoint aft^ die addition of formal- 
ddiyde. They also suggest thai die species 
being titrated between the second and tfaiid 
endpoint in Rg. 3 are the hydrolysis prod- 
ucts of polysulphidcs ions not decomposed 
by the action of fonnaldehyde to produce 
elemental sulphur and hydnncyl ions (Reac- 
tion 11). It remauis unclear, however, why 
die dififecence in titrant volumes between the 
second and first endpoints is larger than tfie 
first endpoint volume in liquor containing 
polysulphide ions. The Stoichiometry of Re- 
action 16 indicates that there should be a net 
loss of titratable species in the alkaline pH 
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range upon formaldehyde addition because-' 
2 mol of OH- are consumed per mole of HS-^' . 
produced by the abstraction of one poly sul-: . . 
pMdc sulphur atom. Hie differedce in pre? 
dpitated su^iir on acidified Hqu6r|. 
samples, before and after formaldehyde ad^^f 
dition, would indeed suggest a loss of -0.51 
mol OH- pes: mole of HS* formed ^i, 
However, if the mean ft of polysul-yl 
phide ions after formalddiyde addition was i 
constant, then the difference in titrant vol- 
ume between the second and tiurd endpoints 
could be used to estimate polysulphide sul- 
phur concentration in oxidised liqiiors. This 
hypodicsis was tested fhrtiier by using 
analyses made on two odier liquor san^les, 
which contained carbonate and hydroxide 
ions as well as varying concentrations of 
oxidized sulphur anions (Le. 8203-^ 863-2 
SO4-2), The first sample (WL + 4 g of S/L) 
, was a laboratory white liquor to which ele- 
mental sulphur was added to produce a poly- 
sulphide sulphur concentration of 4.0 g/L. * 
The second sample (OWL) was a mill white. ^ 
liquor oxidized vnth air at atmospheric pres- 
sure in a large stirred reactor, in the presence, 
of lime mud particles; the polysulphide^; . 
sulphur ccHicentration determined by gravi-:^i 
meiry was 5,8 g of S/L. These two liquors| 
were th^ titrated widi HCI usmg die stand- f 
ard ABC proceduio. The polentiomctric;^ 
curves,8howninFig.4,indicatethattiieWL 
and OWL samples both exhibited four end- : 
pomts. As in die Na2S solutions with sulphur 
added (Fig. 3), tiic titroprocessor identified 
at a pH of around 7.8-8.5 a weak inflection 
point on die OWL and WL + 4 g of S/L 
curves as a result of the reaction between 
polysulphides and fonnaldehyde (Reaction 
16). 

The eCTcct of formaldehyde on the 
hydrolysis of polysulphide ions was studied* 
ftuther by measuring the amount of predpi- 11 . 
tated sulphur as die pH of die OWL sample 0 
was progressively reduced by add additions, 
widi and without formaldehyde added be- ' 
forctheaddification. AsshowninFig.5,the ' ' 
OWLsample widiout the addition of formal- ^ 
dehyde released elemental sulphur by hy- :,/ 
droly sis of polysulphide ions between pHs 8 • ^ 
and 7. With ronnaldehyde addition, the total 
amount of polysulphide sulphur decreased 
from 5,8 to 3.6 g of S/L and the pH range of ■ ; 
polysulphide hydrolysis increased. Indeed, :: 
die pH range where sulphur precipitated cor- 
responds well to that between the second and 
third cnd^ints in the acidimetric titmtion 
curve of the OWL sample in fig. 4. From the 
titrant volume between these two endpoints 
and from the amount of predpitated sulphur 
after fc^maldehyde addition (ie., 3.6 g of 
S/L), die II valooof hydrolyzedpotysulphide 
ioes can be esrimati^ to be about 2 J. It is 
important to note that tliis mean n value does 
not necessarily represent the size of the poly- 
sulphide ions in the original solution, but '}j^u 
rather diat of the ions when they hydrolyze ; : 
in the presence of formaldehyde upon neu- T '^' 
tralization. 

Since the diffarence in titrant volume 
between die second and third endpoints on 
pH curves with formalddiyde added appeam . ! 
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to truly represent the neutralization of bound 
sulphide (S-^ in S^S-^) in OWL samples, it 
may indeed be possible to estimate polysul- 
phide suli^ur concentration from a single 
titration instead of die two titratiiras pio- 
posed by Ahlgrcn [19]. To do so, however, a 
mesa n value for all oxidized while liquors 
must be assumed. It was demtHistiated that, 
after fonnaldehyde addidoDt the n value of 
IhcOWLsample was around 2^. If, as afirst 
approximaticm* we assume from Reaction 
16 that ihts n represents (n - I) in die equa- 
tion, then n before die reaction of formalde- 
hyde should be 3.5. when the hydrolysis 
reaction takes place. Figure 6 shows the 
•polysulphide sulphur (PS) concentration in 
a number of oxidized white liquors mea- 
sured by gravimctry and by addimetry, widi 
the assun^tion of a constant n value of 3.5 
for all sanjplcs. The agreement between the 
two metiiods Is only fair, with the titrimctric 
method yidding in general lower results 
than gravim^. If we consider Uiat the 
titzant volumes used to estimate the bound 
sulfide range from 0.1 to 0.6 inL only, and 
that the assun^>don of a constant H value of 
3^ may not be generally valid, the agree- 
ment b quite satisfactory. Thus, a rough 
estimate of PS ccmcentration may be ob- 
tained from a single acidimetric titration us- 
ing the ABC ptocedurc provided that this 
ccmcentration exceeds ^2 g of S/L and that 
thepH curves are generated by an autcmiatic 
titrator. Nevertheless, gravimetiy remains a 
much more accurate analytical tnethod for 
polysulphide determination than an acidi- 
metric titration. 

From resuhs presented so far, it can 
also be conclodisd that, if a mill carries oat 
the routine ABC tination on oxidized li- 
quors, die analysis of the curves will not be 
straightforward When polysulphide ions 
are present, four and sometimes five end- 
points, instead of the three in unoxidizcd 
liquors, can usually be identified. The first 
endpoint. A, is sharp and easily definable; it 
reprCvSents the hydroxy! ions from the caus- 
ricizing reaction plus those from Che hy- 
drolysis of sulphide ions not bound to 
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polysulphide sulphur atoms (A - EA* the 
effective alkali). From die difference in 
titrant volumes between die first (A) and 
second (B) en<^)Qints (B-A), a rough esti- 
mate of free bydrosiilphidc ions, HS~ (or 0*5 
Na^S) can be made. The free sulphide ions 
can thus be obtained hy multiplying (B-A) 
by two. Ihe bound su^)hide concentration, 
in SflS-^, can be obtained from die dif- 
ference in titrant volume between the third 
and second endpoints (S-^ in SjiS-^ = C-B), 
whereas the caibonate concentration can be 
calculated from the volume dlffeience be- 
tween the fourth and third endpoints 
(Na2C03 = cm:). In highly oxidized llq- 
uon, a fifth endpoint (E), corresponding to 
the neutralization of 1 mol of Na2S203 per 
mole of acid [2 i], can generally be observed 
atapHof 3 [N^SaQs = 2(B-D)]. Howcvta; 
die estimated (hiosulphate conc^dzation is 
not v&y accurate owing to die poor deOd- 
^on of the enc^int and to die potcmdal 
contribution of formate ions to the endpoint 
volume (Eq. 16). 



Alkali Chsnges During Oxidation 

If the reactions during oxidation of 
white liquor w«e correcdy represttitcd by 
Reactions 6 to 10, then the changes in alkali 
concentration before and after oxidation 
should provide some insights into the forma- 
tion of polysidphide, thiosulphate^ sulphite 
and sulphate ions. As mentioned previously, 
if the only species bting fonocd were poly- 
sulphide ions of n > 1, then OH- ions would 
be produced (Reaction 6) and the EA con- 
centration should increase. The gain in EA 
would depend not only on the amount of 
polysulphide generated but also on the mean 
chain lengdi, n, of polysulphide ions formed. 
Despite a higher EA, the AA should remain 
constant because die increase in OH~ con- 
centration would be accompanied by a cor- 
responding loss of titratable HS" ions. In 
hiru, if die oxidation reaction produced diio- 
Sul^hate ions only (by Reactions 6 and 7 or 
by Reaction 8), dicn the EA should not 
change. However, becauseH5~ ions are eon- 



verted mto a species (S2O3-2) non-titratable ! 
in the pH range whei« AA is dctennined, aa 
increase in thiosuiphate concentration of 
1 S/L as Na20 (or 1,032 g/L as S) should 
result inadropof 1 g/L as NajO in die AA 
concentration. With polysulphides and diio- 
sulphate both produced simultaneously, (be 
EA concentration in the oxidized liquor i 
should be higher but die AA should be low^^. ' 
The concurrent production of sulphate ioiis 
by oxidation of hydrosulplilde ions woiild 
complicate the alkali balance because an 
increase of 1 g/L, as NaaO, of sulphate con- 
centration would rcsuh in a loss of 0.5 g/L 
ofEAandl g/LofAA. j 

lb verify diat, during oxidation, al- 
kali changes widi die stoichlometiy of Reab-, 
tiOQS 6 to 10, litmhse data were fi^ 
analyzed. Tabic n shows die variation, in 
liquor composition when kraft white liquopr 
from various soiuces were oxjtMzcd with air 
in the presence of a cari^on catalyst to prO' 
duce oxidized white liquors (OWL), In alO 
cases, the EA increases with the formation 
of polysulphides. This evidence suggests 
that the n value must be latger than one. 
Indeed, the n values estimated from die 
literature data in Table II lie between 2.^ and 
5.0. Aldiough small variations in H are to be 
expected because the liquors have dxJTerent 
compositions, the range repotted appears to [ 
be too huge. According to Giggenbach [ 1 1 jl; i. 
n rcaches_a limiting value of 3.77 at 25®QSi 
Thus die n value of 5.0 in particular appear? I 
unreasonably high, although it is not surpris; i 
ing considering that n values are calculated | 
from die ratio between differences in EA an^ | 
in polysulphide sulphur (PS) concenUationS- 1 
It Is also likely diat the PS concentration In' | 
the four initial kraft Hquoirs is not zero, ||J 
reported by the various groups. Based op 
many nieasurements, we have constan^^ 
found that PS concentrations ranged frow*"- 
03 to 0.8 g of S/L in mill white liquors. In^ 
some instances, a concentration as high as' {. 
2.0 g/L was measured in unoxidized liquors. 
Thus, APS for a given AEA may be over 
estimated in the examples presented in Table 
n. Based on the literaiurp data, die increase 
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in BA appears to be a rough inefhodx>nly to 
indirectly measure the amount of poiysul- 
phidc formed.by oxidation. In contrast, the 
amount of thiosuiphate gcncnited (when 
conyetted to a'g Na20/L basis) agrees well 
with the drop of AA* When the sum of Na2S, 
Na2S203 and Na^x is considered on a s\il- 
phut concentration basis, it balances well 
before aoid after oxidation in Systen) 1 only. 
The poor sulphur balance with the other 
systems may arise from errors in chmiical 
;inalyscs and/or improper consideration of 
all sulphur spedcs paitidpaiing in the oxi- 
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dation reac^ou. 

Table HI shows liquor composldon 
changes during oxidadon with oxygen bub- 
bled into white li^ors held at 100*'C m a 
laboratory batdi reactor with stirting. The 
white liquor oxidations were done without 
lime mud (RI ), with lime mud (R2) and with 
lune mud in presence of a small amount of 
MnCh (R3). Alkali changes were deter- 
mined by acidimetnc titrations whereas PS 
and thiosuiphate concentrations were mea- 
sured by gravimetry and by potentiomctric 
titration with HgClj, respectively. The re- 
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suits are veiy similar to those presented in 
'nible n, where air was the gas and carbon 
black was the catalyst Formation of pblysul- 
phide resulted in an inraease of EA, whereas ■ . 
the simultaneous production of diiosu^hate . ; /. 
caused a loss of AA. Mean values ranged : 
between 2.1 and 4.8, which suggests again J 
tfiat the PS cannot be estimated accurately ' 
from an increase in EA concentration. In t. i 
mm, fliiosulphate formation correlates rea- ! 
sonably well with the drop in AA m most|^.; 
cases. The assumption that (he only twot:;..- 
reactioD products of hydroKulphide oxida-{ff; 
tion are sodiiun polysizlphide and thiosul- |:/ 
phate appears to be justified by the goodv^- . 
sulphurbalance in the liquor samples before ^1 
and after oxidation. 

Alkali changes were less predictable, 
however, when oxidation was carried out in 
a pressmizcd pipeline reactor. Oxidation 
was carried out by injecting OTcygen and/or 
air at four separate points along the reactor 
and cooled liquor safnples could be taken 
before and after each gas spaiger. The Initial 
liquor temperature ranged between 85 and 
95°C whereas the liquor temperatures rose , 
to lOS-lSC^C depending on the degree of :;: 
oxidation. Analyses of liquor samples ui.Q 
most runs were limited to an acidimetric^ 
titration and to a polysulphlde detenninar^; - 
tion by gravimetry. However, sanotples from^ ; 
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some IUI15 were also analyzed for sulphide 
and thiosulphate by HgCfe titration and for 
sulphate ai|d sulphite by ion chromatogFar 
phy. Unfortunately, xcsults of sulphite analy- 
ses by ion chiomatogtaphy were not only 
iiiuproducible but the values were far too 
high to be reasonable. Some of the problems 
associated with the analyses Of su^hite ions 
in dilute kraft liquotri by ion chromatogra- 
phy have been discussed by Douek et ai. 
[17]. Thas the sulphite analyses arc not re- 
ported here, although it is believed that 
proper deienninatioa of this ion would help 
to explain some of our poor sulphur bal'* 
ances. 

Table IV shows representative results 
obtained during thiee pilot plant trials in the 
pipeline reactor. When the reactor was oper- 
ated at relatively low pressure with a mixture 
of air and oxygen (nm PI), the liquor tem- 
perature reached a maximum of 108*C. The 
chemical analyses show the characteristic 
iiK^rease of EA as polysulphide ions were 
formed^ a loss of AA that can bo explained 
by the formation of thiosulphate tons and do 
apparent increase in ymtphare concentration 
during oxidatioa At least under these mild 
operating conditioiis. changes in liquor com- 
posidons axe similar to those produced dur- 
ing oxidation at atmospheric pressure 
Clbbles n and m). For urns P2 and P3, the 
reactor was operated with a high oxygen 
flow rate (no air) under a pressure of 
970 kPa; liquor tWEperalures readied ISO"^ 
at the outiet of the reactor. It was shown 
previously that, with this type of sample 
(OWLp in Tables n and m of jRef, [1]). 
poly&ulphide determination by ^vimetiy 
was affected by the degree of liquor dilution 
during acidification, the polysul^de de- 
terminations were thus determined witii a 
lower sample size. As shiown in Ikble IV, 
oxidatinn under pcessuic results in a slight 
decrease in PS cmicentration and in a drop 
of 3.0-3,8 g/L in EA concentration. Since 
the formation of sulphate ions combined 
with ttic small loss of polysuj^hide ions by 
oxidation can account for a maximum loss 
of 1 g/L of EA concentration, there must be 
another reaction responsible for the remain- 
ing loss of OH- ions. TTiis reaction could 
lake place during die EA detcnninaiion by 
acidim^c titration or during oxidation. 

It is clear, from Reaction 9, that the 
fonnation of sulphite ions is one patiiway for 
alkali reduction. It is also possible Chat spe- 
cies other tfian polysnlphide* thiosulphate, 
sulphite aiul sulf^ate are formed during oxi- 
dation. According to Gupta [24], tritiiionate 
ions (SsOtf-^ are major products of weak 
black liquor oxidation. The stoichiomeiry 
involving polythionaie formation docs not 
however lead to the consumption of OH" 
unless the trithionate hydrolyzes to sulphate 
and thiosulphate ions. However, the small 
increase in sulphate concentration ^?pears to 
rule out tills reaction path. It is clear, from 
tbe rather poor sulphur balance and the un- 
accounted losfl of EA» that moic extended I 

analyses will be icqoired to fiiUy explain our 
observations. ] 
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CONCLUSIONS 

Potentiometric curves of oxidized li- 
quors produced by a titration with HCi using 
die standard ABC procedure exhibited more 
cndpoints than a normal white liquor. Reac- 
tions between polysulphides, tiiiosulphate 
and formaldehyde were shown to be respon- 
sible for the appearance of new cnx^x>int5. 
Changes in alkali concentration as oxidation 
reactions proceed were also shown to ptx>- 
vide information on tiie fonnatioa of poly- 
sulphide, thiosuli^iate and sulphate Ions. 
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